. In addition, with time, these processes become even more pronounced, a phenomenon generally Sequential supercritical fluid (CO 2 ) extraction (SSFE) was applied referred to as "aging," making part of the pollutants at to eight historically contaminated soils from diverse sources with the aim to elucidate the sorption-desorption behavior of high molecular historically contaminated sites inaccessible for bioreme- 
radation rates or body burden data from invertebrates with PAH recoveries under the two mildest extraction phases. Howsuch as Eisenia fetida (Cornelissen et al., 1998 ; Morrison ever, a quantitative relationship was only established for soils with et al., Tang et al., 1999 Tang et al., , 2002 Kelsey et al., 1997;  biodegradable PAHs. Out of eight soils, five showed no biodegrada- Liste and Alexander, 2002; Breedveld and Karlsen, tion including the four soils with the lowest fraction of readily desorb- 2000) . Furthermore, cyclodextrin-based aqueous extracing PAHs. Only one soil (which was found to be highly toxic to Vibrio fischeri) did not match the overall pattern showing no PAH tion (Cuypers et al., 2002; Reid et al., 2000) , persulfate biodegradability but large fractions of highly mobile PAHs, concludoxidation (Cuypers et al., 2000) , and semipermeable ing that mass transfer limitations may only be one of many factors membrane devices (Leppä nen and Kukkonen, 2000;  governing biodegradability of PAHs. MacRae and Kenneth, 1998) were suggested for the prediction of organic pollutant (bio)availability.
Supercritical fluid extraction (SFE) using carbon di-P olycyclic aromatic hydrocarbons are ubiquitous oxide has recently been suggested for the characterenvironmental pollutants that are predominantly ization of the sorption-desorption behavior of organic generated during fossil fuel and forest combustion (Edcontaminants in natural solids. Several studies were prewards, 1983). Sixteen of them are listed on the CERCLA sented on phenanthrene-spiked sorbents (Weber and Priority List of Hazardous Substances (Agency for Toxic Young and Weber, 1997) , polychlorinated Substances and Disease Registry, 2001 ). Some of the biphenyl (PCB)-contaminated sediments (Bjö rklund et high molecular weight congeners are of particular conal., 1999; Pilorz et al., 1999; Nilsson et al., 2002) , and cern due to their mutagenic and carcinogenic properties PAH-contaminated soils (Loibner et al., 1997 (Loibner et al., , 1998 , as well as their recalcitrance in the environment (Shaw 2000; Hawthorne and Grabanski, 2000) . The advantage and Connell, 1994; Shuttleworth and Cerniglia, 1995) .
of SFE is that the properties of the fluid and thus its With natural solids, hydrophobic organic contamiextraction strength can be significantly varied over a nants exhibit strong chemical-physical interactions such wide range by simply changing fluid temperature and as sorption (in)to different classes of soil organic matter density, allowing the assessment of different soil-polas well as diffusion into microvoids, both considerably lutant interactions by sequential extraction (readily to reducing their mobility and thus their availability to slowly desorbing sites). Moreover, it was suggested that, environmental receptors (Brusseau and Rao, 1991 (Bjö rklund et al., 1999 ). An in-depth review on soil particles. The flow rate of the extraction fluid (CO 2 ) was the latest developments in SFE for sorption-desorption set to 2.5 mL. Analytes were trapped on C18 sorbent material studies of organic pollutants in soil was published re-(Grace Vydac, Hesperia, CA) after the fluid was expanded cently (Bjö rklund et al., 2000) .
through the nozzle. During extraction, the nozzle temperature
In the present work, for the first time, a variety of was set to 5ЊC above the respective extraction chamber tem-PAH-contaminated soils from diverse sources were subperature, whereas the trap was held constant at 10ЊC except for the last extraction phase (68ЊC) to avoid clogging from jected to SSFE using carbon dioxide as extraction fluid.
liquid methanol used as modifier. For rinsing analytes from
After a detailed characterization of the sequential exthe trap, 1.5 mL THF and acetonitrile 1:1 (v/v) was used.
traction procedure, readily desorbing PAH fractions ex- 
MATERIALS AND METHODS
0.63, T ϭ 60ЊC; Phase IV, ϭ 0.63, T ϭ 120ЊC; and Phase V,
Materials
ϭ 0.63, T ϭ 120ЊC plus 5% v/v methanol as modifier). Except for the last, all phases were subdivided into four fractions A standard mixture of the 16 USEPA priority PAHs with collected after 6, 12, 24, and 48 min of extraction providing 10 mg/L of each compound dissolved in acetonitrile for high time-dependent desorption kinetics at each phase. However, performance liquid chromatography (HPLC) analysis was obthe final "very harsh" extraction phase (45 min) was applied tained from Supelco (Bellefonte, PA). Solvents purchased to exhaustively extract PAHs from soil samples. Before each from J.T. Baker (Deventer, the Netherlands) were at least of of the 17 extraction fractions, the system was allowed to equili-"Baker analyzed" grade. Carbon dioxide 5.5 SFC/SFE for brate for 5 min. extraction and CO 2 3.0 for cooling were used as received from Messer Austria GmbH (Gumpoldskirchen, Austria). Water for HPLC analysis was obtained from a Millipore Q (Millipore,
Biodegradation Experiments
Billerica, MA) plus PF system with a specific resistivity of 18.3
For aerobic biodegradation experiments, a PAH-degrading M⍀ cm. Extraction thimbles for automated Soxhlet extraction consortium was enriched at 20ЊC on a shaker operating at 140 (Ederol) were purchased from Stö lzle-Oberglas AG (Vienna, rpm from a source comprising diverse PAH-contaminated Austria). Anhydrous sodium sulfate obtained from J.T. Baker soils, activated sludge, and compost residues. The medium used was heated overnight at 640ЊC before use. This medium preservation plant (AS1, AS2, AS3a). Soils were sieved to was amended with 130 mg/L of anthracene oil (voestalpine Ͻ2 mm and stored at 4ЊC in the dark before further manipulaStahl; Linz, Austria). Every second week, 1 mL of the microtion. Relevant physicochemical parameters for all soils used bial suspension was transferred (seven times in total) in in this study are shown in Table 1 . 100 mL fresh medium containing 130 mg/L of anthracene oil. For the preparation of master and working cell bank, the
Sequential Supercritical Fluid Extraction
microbial suspension was centrifuged, washed, and resuspended in fresh mineral medium containing 15% glycerol, yielding a For supercritical fluid extraction, an HP 7680T SFE module was used with an HP 1050 series modifier pump (Hewlettfinal concentration of 1.22 ϫ 10 9 colony forming units (cfu)/ mL (working cell bank). Before further manipulation, PAH Packard, Palo Alto, CA). Soil samples (approximately 2 g) were thoroughly mixed with approximately 7 g of anhydrous degraders were stored in cryo-vials at Ϫ80ЊC. soil and used for the calculation of biodegraded PAHs. All For exhaustive extraction of PAHs from soil, an automated Soxhlet (Soxtherm extractor Model 2000 automatic; Gerhardt, sented as percent bioluminescence compared with a 2% NaCl Bonn, Germany) was used. Samples of 2.5 to 5 g (dry mass) solution (negative control). were extracted in triplicate using ethyl acetate as extraction Heavy metals were measured using inductively coupled solvent. Eventually, the obtained crude extracts were directly plasma-atomic emission spectroscopy (ICP-AES) (JY 50 P; diluted up to 20% (v/v) volatiles was accomplished using gas chromatography-mass All extracts were analyzed using an HP 1050 series HPLC spectrometry (GC-MS) with a method described previously (Hewlett-Packard) interfaced to an HP 1100 series three- (Szolar et al., 2002) . However, instead of single ion monitoring dimensional fluorescence detector (Hewlett-Packard). An HP (SIM), scan mode was used to identify unknown compounds 1050 autosampler (Hewlett-Packard) was used for the injecand the oven temperature program was slightly modified to tion of sample aliquots and calibration standards (20 L) onto 50ЊC for 2 min followed by a 10ЊC/min ramp to 150ЊC (1-min an ODS Hypersil guard column (20 ϫ 4 mm, particle size hold) and completed with a ramp of 18ЊC/min to a final temper-5 m, Hewlett-Packard) followed by a C-18 separation column ature of 320ЊC (15-min hold). Particle size distribution was (250 ϫ 4.6 mm, particle size 5 m; Grace Vydac). The guard determined according to Ö NORM L 1061 (Ö sterreichisches column was replaced routinely approximately every 250 injecNormungsinstitut, 1988). tions to prevent potential clogging of the separation column. The flow rate was set to 1.5 mL/min. The temperature of the
RESULTS AND DISCUSSION
column was 26ЊC. A water-acetonitrile gradient was used as mobile phase starting with 60% acetonitrile for 2.5 min; a Performance Assessment of the Sequential linear gradient (9.5 min) to 90% acetonitrile and an 8-min
Supercritical Fluid Extraction
linear gradient to 100% acetonitrile (held for 2.5 min) was
To evaluate the performance of the supercritical fluid followed by a 2.5-min linear gradient back to starting condiextraction, triplicate subsamples of soil WG1 were subtions. Eventually, a 5-min pre-run was employed to equilibrate the separation column before each subsequent run. The threejected to the sequential extraction process comprising In this study, we analyzed the PAHs acenaphthene, fluorene, were found to be approximately 20% (Table 2 ). These phenanthrene, anthracene, fluoranthene, pyrene, benz(a)anthracene, chrysene, benzo(b)fluoranthene (bbf), benzo(k)fluoransignificantly higher RSDs are assumed to be due to the thene, benzo(a)pyrene, benzo(ghi)perylene, and indeno(1,2, relatively low relative extraction yields for most of the 3-cd)pyrene.
PAHs in this final exhaustive extraction phase, a pheFor toxicity testing, aqueous soil elutriates were prepared nomenon that was also observed for individual extracaccording to Hund and Traunspurger (1994) . The bioassay tion fractions in some of the other phases. However, (NRRL-B-11177 , LUMIStox luminescent bacteria test; Dr.
since high RSDs were only noticed in the case of low Lange, Dü sseldorf, Germany) was performed using Vibrio PAH concentrations, no appreciable impact on the overfischeri as test organism. Soil elutriates were amended with all extraction performance was detected. Actually, these 2% (w/w) NaCl. Luminescence was measured before and after errors were counterbalanced when relative extraction for all PAHs and soils investigated in this study exhibited low relative extraction yields under mildest conditions and vice versa (e.g., AS2; Table 1 ), strength- (Table 3 ). Supercritical fluid extraction yields for individual four-to six-ring PAHs ranged from 70 to 128% ening the hypothesis of diffusion rather than solubility limitations being the governing mechanisms in the seof the Soxhlet values, proving the capability of the sequential extraction method to exhaustively extract tarquential PAH extraction process. Correlation coefficients (r 2 ) of linear regressions between molecular get analytes from soil.
weight and decadic logarithm of relative Phase I extraction yield computed for all soils were Ͼ0.96. Figure 2 
Polycyclic Aromatic Hydrocarbon Availability in Historically Contaminated Soils
shows the relation between molecular weight and extractability under mildest conditions (readily desorbing To evaluate the availability and mobility of high mofraction) exemplarily for soils ES1 and AS3a. lecular weight PAHs, eight historically contaminated Furthermore, heavier PAHs were found to exhibit soil samples from different sources were subjected to higher relative extraction yields in the last phase em-SSFE employing successively harsher extraction condiploying methanol as modifier. Considerable final phase tions. Figure 1 shows the extraction behavior of fourrecoveries of up to 32% for indeno(1,2,3-cd)pyrene and to six-ring PAHs for all soils calculated as relative yields 26% for benzo(ghi)perylene (Fig. 1) were noticed for for the different extraction phases. Phase I was assumed soil ES1, leading to the assumption that large amounts to remove the most readily desorbing fraction, whereas of these heavy, hydrophobic PAHs were strongly sePAHs recovered under harsher extraction conditions questered by soil organic matter. However, modifying (Phases II-V) were supposed to be gradually less mobile supercritical CO 2 with a polar cosolvent was supposed (slowly desorbing). In general, soils ES1 and BS1 reto soften the organic matrix and eventually release this vealed the lowest Phase I extraction yields for all PAHs fraction, which was suggested previously (Luthy et al., closely followed by soils WG1 and WG2. Significantly 1997). higher Phase I yields, however, were observed for soils As observed by Bjö rklund et al. (1999) for PCBs and TA1, AS1, AS2, and AS3a with relative extraction yields Hawthorne and Grabanski (2000) for PAHs, desorption for fluoranthene and pyrene (for example) of Ͼ73 and profiles for PAHs investigated in this study followed a Ͼ67%, respectively, compared with only 10% for the typical time-dependent extraction behavior in each same PAHs in soil ES1. Six-ring PAHs were not detectphase revealing successively decreasing extraction rates able in the majority of soils in Phases I and II; however, with time (biphasic). Thus, a total of 90 min of extraction the same mobility pattern, only shifted toward harsher per phase was found to be sufficient to quantitatively phases, was observed as outlined above [see benzo (ghi) recover potentially extractable PAHs under correperylene; Fig. 1] .
sponding conditions. Relative Phase I extraction yield for the diverse PAHs in all soils highly correlated with their molecular weight,
Influence of Physicochemical Soil Parameters
with lighter PAHs exhibiting increased extractability.
on Sequential Supercritical Fluid Extractability
This phenomenon may predominantly be attributed to lower diffusion coefficients and/or lower solubilities for
The relationship between typical physicochemical soil parameters as shown in Table 1 and the extraction becompounds with higher molecular weight. However, in the case of general solubility limitations, soils with the havior of PAHs in the different soils was investigated. Particular focus was given on particle size distribution highest PAH concentration would be expected to show lowest relative Phase 1 extractabilities (Bjö rklund et al., and soil organic matter (SOM) content. Especially the latter has been reported to significantly influence the 1999). Such a distinct trend could not be observed since soils with low concentrations (e.g., BS1; Table 1 ) also desorption behavior of apolar organic contaminants by ES1 and BS1, n ϭ 6).
reducing their availability and mobility due to slow difPAHs (AS1, AS2, AS3a, and TA1) showed a signififusion processes (Weber and Huang, 1996; Luthy et al., cantly lower percentage of five-and six-ring PAHs 1997; Pignatello and Xing, 1996; Weissenfels et al., 1992;  (Ͻ5.5%) compared with soils ES1, BS1, WG1, and WG2 Cornelissen et al., 1998; Weber and Young, 1997; Kar- (Fig. 3) . The latter soils, which exhibited comparably ickhoff et al., 1979). Soils BS1 and ES1, which exhibited lower relative Phase I extraction yields, revealed considthe lowest relative Phase I extraction yields, also showed erable proportions of five-and six-ring PAHs ranging the highest organic dry mass content with 33 and 12%, from 25 to 38% for soils ES1 and BS1, respectively. respectively. On the other extreme, soil TA1 with only
Since five-and six-ring PAHs are known to be more 1.6% organic dry mass was among the soils with the recalcitrant (less degradable) and less mobile (strongly highest relative extraction yields under mildest condisequestered by soil particles) compared with lower-ring tions supporting the hypothesis of soil organic matter PAHs, their accumulation in soils such as ES1, BS1, significantly governing sorption-desorption processes.
WG1, and WG2 may indicate advanced weathering of For the remaining soils, however, no correlation bethese soils during several years or decades preferably tween organic dry mass and mild extractability could affecting lower molecular weight PAHs (Luthy et al., be established concluding that slow sorption may not 1997). simply be controlled by one single parameter especially Thus, the profile of PAHs in soils may be used as a in complex matrixes such as soil.
fast indicator for the degree of organic pollutant availabilWith respect to particle size fractions, Krauss and ity, an important requirement for the definition of siteWilcke (2002) recently reported that PAHs were prespecific soil quality criteria and remediation cleanup dominantly located in silt and clay. These fractions also goals. exhibited the highest K OC (soil organic carbon-water partition coefficient) values, indicating low availability.
Relating Sequential Supercritical Fluid
However, no such trend was observed in the current Extractability to Biodegradability study. On the contrary, soils with the highest silt content Eventually, all soils in this study were used in biodeg-(AS soils) were among those with the highest relative radation experiments. Figure 4 shows the behavior of Phase 1 extraction yields and vice-versa (Table 1) . Simiselected four-and five-ring PAHs after 64 d of incubalar findings were reported previously (Bjö rklund et al., tion using a PAH degrading consortium enriched on 1999), confirming the above assumption of more than anthracene oil. Within this time, significant reduction one factor being responsible for diffusion limitations of most PAHs was observed for soils AS1, AS2, and in soil.
AS3a, which also revealed comparably high fractions of readily available PAHs (Fig. 1) . As already shown for
Relating Polycyclic Aromatic Hydrocarbon Profiles
relative Phase 1 extraction yields obtained with SSFE to Sequential Supercritical Fluid Extractability (Fig. 2) , biodegradation followed the same pattern, with molecular weight governing the extent of biodegradaThe analysis of three-to six-ring PAHs revealed appreciable differences in the distribution of these polluttion. Fluoranthene and pyrene (molecular weight ϭ 202) were degraded to a residual concentration of 4 to 27% ants in the diverse soils investigated in the current study. This may have been a consequence of the different compared with the abiotic control, followed by benz(a)anthracene and chrysene (molecular weight ϭ 228), contamination sources; however, those soils that were associated with a higher fraction of rapidly desorbing which were down to 14 to 42% after two months of benzo(a)pyrene and the six-ring PAHs in either of the AS soils. For these three soils, the percentage of PAHs remaining in soil after 64 d of biodegradation correlated well with PAHs remaining in soil after extraction under the second mildest SSFE condition (Phase I ϩ II). Figure 5 shows that the SSFE somewhat underestimated the fraction of PAHs eventually being biodegraded, a phenomenon that was reported previously for PAHcontaminated sediments using Tenax TA beads for extraction (Cornelissen et al., 1998) . However, linear regression almost revealed hypothetical 1:1 correlation with a slope (k) of 0.99 Ϯ 0.06, allowing at least a rough estimate of the biodegradation potential for diverse high molecular weight PAHs based on their relative extraction yields under mild SSFE conditions. On the other hand, soils ES1, BS1, WG1, and WG2 with a notably lower percentage of readily desorbing PAHs exhibited no significant biodegradation for any of the PAHs (Fig. 4) . For these soils, even the threering PAHs were not degraded by microorganisms within 60 d of incubation.
However, most surprisingly, the same behavior was observed for soil TA1, which was among the soils with the highest fractions of readily desorbing PAHs (Fig. 1) . Thus, soil TA1 was screened for heavy metals and organic semivolatiles other than PAHs possibly inhibiting the metabolism of (added) PAH-degrading microorganisms; however, the analysis revealed only low contami- (Table 4) , which were not degrading consortium. Error bars are standard errors of the mean assumed to affect the soil microflora since concentra-
tions in soil of orders of magnitude higher than those in TA1 were reported to have no effect on PAH-degrading microorganisms (Baldrian et al., 2000; Smreczak et al., incubation , and finally benzo(k)fluoranthene, which 1999). Furthermore, gas chromatography-mass specwas removed to a residual concentration of 55 to 82%. Benzo(b)fluoranthene was only biodegraded in soil trometry analysis of ethyl acetate extracts of soil TA1 identified no appreciable amounts of semivolatiles other AS1 (81% residual concentration in soil), whereas no significant degradation was found in soils AS2 and than PAHs. However, since chemical analysis is not capable of identifying "all" potential toxicants, soils AS3a. Furthermore, no biodegradation was found for is assumed, at least in part, to be responsible for the Determining PCB sorption/desorption behavior on sediments using lack of PAH biodegradation in soil TA1, and especially soil (Shuttleworth and Cerniglia, 1995; Cornelissen et Sci. Technol. 32:966-970 . Cuypers, C., T. Grotenhuis, J. Joziasse, and W. Rulkens. 2000 . Rapid al., 1998 Cuypers et al., 2000) . It is concluded that polpersulfate oxidation predicts PAH bioavailability in soils and sedilutant availability is a major requirement, but not necesments. Environ. Sci. Technol. 34:2057 Technol. 34: -2063 sarily a guarantee for the biodegradation of organic been reported to significantly influence the biodegrada-
